Abstract. Major UK floods over the last decade have motivated significant technological and scientific advances in operational flood forecasting and warning. New joint forecasting centres between the national hydrological and meteorological operating agencies have been formed that issue a daily, national Flood Guidance Statement (FGS) to the emergency response community. The FGS is based on a Flood Risk Matrix approach that is a function of potential impact severity and likelihood. It has driven an increased demand for robust, accurate and timely forecast and alert information on fluvial and surface water flooding along with impact assessments. The Grid-to-Grid (G2G) distributed hydrological model has been employed across Britain at a 1km resolution to support the FGS. Novel methods for linking dynamic gridded estimates of river flow and surface runoff with more detailed offline flood risk maps have been developed to obtain real-time probabilistic forecasts of potential impacts, leading to operational trials. Examples of the national-scale G2G application are provided along with case studies of forecast flood impact from (i) an operational Surface Water Flooding (SWF) trial during the Glasgow 2014 Commonwealth Games, (ii) SWF developments under the Natural Hazards Partnership over England & Wales, and (iii) fluvial applications in Scotland.
Introduction
Major UK floods over the last decade have motivated significant technological and scientific advances in operational flood forecasting and warning. In part this has been driven by the UK GovernmeQW ¶V 3LWW 5HYLHZ [1] of the summer 2007 floods which has increased focus on surface water flooding and distributed, national-scale hydrological modelling. Following the Pitt Review, new joint forecasting centres between the national hydrological and meteorological operating agencies have been formed: the Flood Forecasting Centre (FFC) over England & Wales and the Scottish Flood Forecasting Service (SFFS). Both joint centres issue a daily, national Flood Guidance Statement (FGS) to the emergency response community based on a Flood Risk Matrix approach that is a function of potential impact severity and likelihood [2, 3] . To support the FGS approach there is an increased demand for robust, accurate and timely forecast and alert information on fluvial and surface water flooding along with impact assessments at local, authority area and national scales.
The Grid-to-Grid (G2G) distributed hydrological model has been employed by FFC [4] and SFFS [5] since 2010/11 to support 5-day ahead national fluvial flood forecasts using deterministic and ensemble rainfall products from the Met Office. As a first step, forecast fluvial flood severity (in terms of return period) has been used as a surrogate for impact. Recent research has explored linking the forecast fluvial flood severity to more detailed offline flood risk assessments that use an overall impact score combining human health, economic, cultural and environmental factors. This builds on a similar approach developed for surface water flooding (SWF) under the Natural Hazards Partnership (NHP) initiative, where impact assessments for detailed offline pluvial flood maps utilise national receptor datasets on population, infrastructure property and transport. Then dynamic gridded surface-runoff estimates from G2G can be equated to effective rainfall scenarios ± previously used as input to inundation models when creating the pluvial flood maps ± in order to select the appropriate impact assessment for each pixel and generate real-time maps of SWF impact.
Firstly a brief introduction to the G2G Model and its national application for flood forecasting is given. Then the Flood Risk Matrix approach is introduced along with three case studies of forecasting flood impact. These concern: (i) an operational SWF trial by SFFS during the Glasgow 2014 Commonwealth Games, (ii) SWF developments for FFC over England & Wales under the NHP, and (iii) fluvial flooding over Scotland. 
The Flood Risk Matrix approach
The FFC and SFFS both issue a national Flood Guidance Statement (FGS) on a daily basis and more frequently during an emerging flooding situation [2, 3] . Principal recipients of the FGS are the Category 1 and 2 emergency responders identified in the Civil Contingencies Act 2004 [6] . The FGS is based on a Flood Risk Matrix approach that combines potential impact severity and likelihood of occurrence as depicted in Figure 2 .
Several different types of impact are considered including people, property, transport and key infrastructure. These are also assessed at increasing severity levels of: Minimal, Minor, Significant and Severe. For example, localised flooding affecting individual properties is considered a Minor impact whilst widespread flooding affecting significant numbers of properties and whole communities is considered Severe. Full details are provided in the FFC and SFFS guides to the FGS [2, 3@ 7KH ³OLNHOLKRRG´ FOassification of the Flood Risk Matrix (Figure 2 ) is defined using the following probability of occurrence bands: very low <20%, low 20-40%, medium 40-60%, high 60% or greater.
Operational SWF alert trial during the Glasgow 201Commonwealth Games
The Scottish Environment Protection Agency (SEPA) has a commitment to develop appropriate forecasting and warning capabilities for Surface Water Flooding (SWF) in Scotland. In recent years there have been several notable floods resulting from intense rainfall in urban areas exceeding the capacity of local drainage systems.
Glasgow has a history of surface water flooding with five notable events in the 12 
Real-time assessment of fluvial impacts over Scotland
National gridded river flow forecasts from G2G (measured in cumecs, m 3 s -1 ) are useful in understanding the spatio-temporal evolution of the hydrological forecast. To aid interpretation of the potential flood hazard and impact, there is a desire to provide additional context to the outputs. A first step has been to estimate the severity of the modelled flows by converting them to UHWXUQ SHULRG HVWLPDWHV VR WKDW SRWHQWLDO IORRG ³KRWVSRWV´ can be identified. Much like in the previous discussions for SWF, this can also be undertaken in a probabilistic way using ensembles to obtain hotspots of flood risk. FFC and SFFS both use gridded outputs that show how many G2G forecasts exceed a certain return period threshold over a given time window. For example, grids showing how many ensembles exceed the 10-year return period over the next 24-hours provide a very concise summary over time and ensemble members.
Within Scotland, there has been some prototype work to link the G2G forecasts of flow severity (return period) with detailed offline assessments of fluvial flood risk. 6(3$ ¶V National Flood Risk Assessment (NFRA) methodology [24] has produced a 1km grid of combined ³LPSDFW VFRUHV´ WDNLQJ LQWR DFFRXQW KXPDQ KHDOWK economic, cultural and environmental factors. For fluvial flood hazard, these are based on a 1 in 200 yr flood extent. High scoring areas in the NFRA have been used to identify Potentially Vulnerable Areas (PVAs).
To progress the prototype fluvial impact forecasting work, the NRFA 1km impact scores have been used to GHILQH )ORRG 5LVN 0DWUL[ ³LPSDFW FDWHJRULHV´ IRU WKH PVAs according to area of coverage as listed in Table 3 .
In the case of the NRFA impact dataset, there is only one return period flood map used. However, the methodology that follows could be extended to consider multiple flood maps. For the prototype, the ensemble G2G river flow forecasts are compared against the 200-year return period flow grids and the exceedance probability is calculated for each pixel. In order to assign an exceedance probability to the PVA of interest, the exceedance probabilities are ranked and the 95 percentile XVHG DV WKH ³OLNHOLKRRG´ The likelihood and PVA assessment of impact category ( 
Summary and Conclusions
There is increasing demand from stakeholders and emergency responders for robust, accurate and timely forecast and alert information on fluvial and surface water flooding along with impact assessments at local, authority area and national scales. Within the UK, parallel developments in both national scale grid-based flood forecast models and design flood maps and their associated impacts, provides an opportunity to meet this demand for real-time flood risk forecasts.
Across Britain, new joint forecasting centres between the hydrological and meteorological agencies have formed (the Flood Forecasting Centre and Scottish Flood Forecasting Service) and have implemented national scale, grid-based, flood forecasting approaches based on the G2G model [4, 5, ]. The Flood Guidance Statements provided by these joint centres is built on the Flood Risk Matrix approach (Figure 2 ) that combines potential impact severity and likelihood [2, 3] . In parallel, there has been significant investment in developing next generation pluvial and fluvial flood maps [ 24] together with improved methodologies in categorising the impact [ 24] . This paper has provided three examples of how realtime G2G ensemble forecasts of river flow or surface runoff can be combined with pre-calcuODWHG ³LPSDFW OLEUDULHV´ WR DVVHVV WKH LPSDFW VHYHULW\ RI HDFK HQVHPEOH member, and, ultimately provide automated methods for estimating the fluvial or pluvial flood risk aligned to the Flood Guidance Statement methodology. The approaches can be applied at pixel or regional level although care must be taken to assess regional impact for each ensemble member before assessing likelihood.
Significant thought and effort has gone into developing succinct displays or products that allow operational users to quickly assess whether further interrogation of the forecast is required and, if so, where to focus attention.
The forecasting of flood impact and risk for example case studies of Surface Water Flooding have been investigated in detail and served to highlight the potential benefits of such approaches. The operational trial by SEPA/SFFS during the Glasgow 2014 Commonwealth Games [10] was deemed beneficial by users and, although only for a limited 10 by 10 km city area, provided valuable insights into how an operational service might be rolled out to other areas of Scotland. Similarly the Natural Hazards Partnership is developing a real-time end-to-end trial system within the Flood Forecasting Centre. This followed a proof-of-concept stage that included several case studies and a current phase that widens the set of case studies and provides an opportunity to refine the component methods further. The fluvial impact and risk forecasting example for Scotland is at an earlier stage. Nevertheless, the fluvial case study has shown the potential benefit of the simple approach.
In conclusion, the modelling and methodological tools exist to make real-time national scale impact and risk forecasts from pluvial and fluvial sources a reality. Whilst elements of the methodology can always be refined or improved, and more evidence gathered, a move from real-time flood hazard forecasting to real-time flood risk forecasting would represent a significant step forward.
